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Optical microscopy of single ions and morphological inhomogeneities in
Sm-doped Cak thin films
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We have investigated the luminescence of Ot films doped with very low concentrations of $mions
using scanning confocal optical microscopy at low temperatures. The film morphology was studied indepen-
dently by atomic force microscopy. The 8mions are homogeneously distributed in the films and show
photobleaching. Unexpectedly, on the film surface strongly luminescent small topographic features are ob-
served that are found to contain 3mby spectral analysis. The formation of $mis probably due to the
presence of oxygen during film growth. In the lowest doped films on-off blinking behavior of isolated lumi-
nescent spots provides strong evidence for the first observation of single ions in a crystal.

. INTRODUCTION section at 610 nmg=5x10*® cn?, excited-state lifetime
at 708 nm,7=2 us, and luminescence quantum yield at
Optical spectroscopy is an important tool in the character77 K, 5=11213

ization of photoactive impurities in inorganic crystals. How-  In this article we study the spatial and spectral distribution
ever, most conventional spectroscopic techniques represeot the luminescence of a very small concentration oPSm
measurements of ensemble averages whereby different mans in Cak thin films using scanning confocal optical mi-
terial sites are simultaneously probed and average responser®scopy(SCOM) at low temperatures. By using thin films,
are recorded. Different ionic impurity sites in the activatedout-of-focus luminescence is eliminated, and, in the limit of
inorganic crystal experience different local fields so that eaclyery low concentrations, the number of ions in the detection
impurity site has a different local resonance frequency. Byolume can be tuned by varying the film thickness. The thin-
probing all these sites simultaneously the distribution in enfilm morphology was independently investigated by atomic
ergies leads to a broadened electronic spectrum. As a cong@fce microscopyAFM) in order to exclude the possibility
quence important information about the different sites ofterfNat spatial variations in luminescence could originate from
escapes notice. Experiments that remove this inhomogeneolfc@! changes in film thickness. The Smions in thicker
broadening can reveal not only the underlying spectrum buftIImS are found to_be homo_ge_neously distributed and un-
also lead to important information about the chemical origindergo photobleaching. Surprisingly, we also observe small

of the different environments. Typical methods for studyingStrc.)rlgly Iu.m|.nescent features in Fhe f!Ims that exhibit the
. pical emission spectrum of Srh ions in Cak. AFM to-
such inhomogeneous systems are frequency-resolved metW—

ods such as spectral hole burigand fluorescence line pographs of the films show small raised structures that we

ina? which | f liaht ¢ identify with the bright features observed in SCOM images.
harrowing, which empioy narrow-frequency light SOUrCes 10 rpinpar fims with lower ion concentration hardly exhibit
isolate individual energy sites. However, these sites still 'n'any raised topographic structures. The homogeneol’s Sm
clude a large number of impurities and thus cannot cOMy,minescence in these samples is replaced by dimly emitting
pletely avoid ensemble averaging. spots displaying a blinking behavior characteristic for single

In the last years, advances in instrumentation have alyaricles. These results strongly support that we have
lowed the isolation and detection of few atomic particles antyyserved the luminescence of single ions in an inorganic

molecules in different materials. Many studies have bee'?:rystal.
performed with optical detection of single molecufe,

single defects in crystalssingle atoms in atomic bearfis,

and single ions in electromagnetic trapBhe observation of

single ionic impurities in a crystal lattice has been proposed CaF, thin films doped with very low concentrations of
by Sisseet all? Based on measurements of the spatial variasamarium (Srfi") impurity ions were grown in a home-built
tions of the luminescence intensity, Lange all® have molecular beam epitax¢MBE) apparatus?~*¢ Source crys-
pointed out the possibility to perform optical experimentstals of Cak doped with a desired concentration of Sm
with a small number of SAT ions in bulk Cak. The were evaporated from a high-temperature effusion cell and
photophysical parameters of the ions in this system indicatdeposited on a pure CaR111) cleaved crystal substrate.
their suitability for single-ion detection: absorption crossThe source crystals used for evaporation were prepared from

Il. EXPERIMENT
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ultrapure Cak (Aldrich) and Smk (Cerac 99.8% purityin 1.0} (a)
a Bridgman furnacdoxygen partial pressurec10’ Pa).
The strongly reducing conditions present in the Bridgman
apparatus favored the incorporation of Bmions in the
crystals. To obtain very low doping levels, successively
grown source crystals were systematically diluted by using
material from the previously grown crystal as a dopant,
with the sequence 10, 1076, 10°° 1071° 101, 10 %2
(mol/mol). Two to three melting-crystallization cycles were
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normalized luminescence intensi

realized each time to ensure a homogeneous impurity distri- -0 ®)
bution. The films were grown with a typical MBE deposition 0.9¢
rate of 0.03 nm/s that was monitored by a quartz microbal- || |
ance. After growth, the films were cooled to room tempera- T 71 T
ture at 1 °C/min in order to minimize thermally induced me- 0.1} bulk CaF.-Sm*® 1
chanical stress. The estimated residual concentration; @f O . A A \ L z
the machine during film growth was 10~ 7 Pa. 0.0 . . - ‘ .

Films were grown with a thickness of 248ample A, 640 660 680 700 720 740 760
1000 (sample B, and 1500 nm(sample @. The thickness wavelength [nm)

was determingd by AFM measuremgnts at the sample edge. £ 1. Luminescence spectra @ a Cak:Sn?* bulk crystal
The Snf™ nominal doping concentration was 18 mol/mol (sample B at T=100 K recorded at an excitation wavelengtfy.
(0.02ionspum®) for sample A and 10" mol/mol  =632.8 nm and ofb) a Cak: Sn?* bulk crystal (sample F at
(2.0 ionsjum?) for samples B and C. However, at this level T=100 K and\ 4= 488 nm.
of concentration, nonintentional doping by residual °$m
present in the MBE apparatus cannot be excluded. The suliy the crystal. Figure (b) shows the luminescence spectrum
strate temperature was kept at 600 °C during growth for albf sample F aff =100 K. A characteristic spectrum of Sm
films except for film C, which was grown at 300°C. A in CaFR, is observed.
cleaved undoped CaFoulk substrate was used as a blank  The film morphology was studied using AFM. The ex-
sample(D). periments were performed in noncontact mode with a com-
The Sm impurity ions occur as St and/or SM* ions,  mercial systenfTopoMetrix, Explorer TMX200D Topogra-
depending on the growth conditions and whether or not thehy images were recorded using microfabricated silicon
crystals are hydrolyzed after growth. It is therefore importanicantilevers with a spring constant ef42 Nm 1. To ex-
to compare the emission spectra of Snand Sm* in CaF,  clude tip artifacts, control measurements were performed
in order to analyze the luminescence of our low-level dopedyith different probe tips. Images of 100, 20, 10, 2, andr
films. We thus prepared in our Bridgman furnace two addi-scan width were recorded for all films.
tional Cak:Sn?™ single crystals with higher doping concen-  |n order to study the optical properties of the low-doped
trations. The first ongsample B was grown with a doping CaF, films, a home-built SCOM working at variable tem-
concentration of 10° mol/mol Snt*. The second one peratures was employed, described extensively in Ref. 18.
(sample F, grown by adding 0.1% of SmFwas hydrolyzed The excitation light is provided by a single-mode ring dye
after growth at 900 °C under water vapor during 6 h. Underaser. The excitation wavelength of 592 nm was monitored
this treatment the SAY ions are oxidized into SA and by a wavemeter. This excitation energy is on the blue edge
thereby samarium-oxygen complexes are forfeSample  of a 4f-5d absorption line of S# in Cak. The intensity
E is lightly green due to the predominant doping with’Sm  was power-stabilized to typically 40QW. The excitation
ions. On the other hand, the hydrolyzed sam(pleis trans-  beam was reflected by a dichroic mirror (50% transmission
parent and colorless, showing the virtually exclusive presat 645 nm into the cryostat, where it was focused to the
ence of SM* ions in the crystal. sample by a microscope objective. The same objective was
Luminescence spectra of the doped single crystalsised to collect the sample emission. The luminescence signal
(samples E and)Rvere recorded on a home-built computer- was transmitted through the dichroic mirror and was focused
controlled spectrometer at room temperature an@i=al00  onto a single-photon-counting avalanche photodi@&@fAD)
K. The luminescence was analyzed at a right angle with thacting as the detection pinhole. The back-reflected stray laser
aid of a double monochromator and a photon-counting syslight from the sample surface and from the cryostat windows
tem. To resonantly excite the $mions, the 632.8 nm line was cut off spectrally by the combination of a notch filter
of a He-Ne laser was used, which is close tofa54l ab-  and two colored glass filte(®ptical density of 1 at 612 nm
sorption line of SMA™ in CaF,. Furthermore, for both and spatially using an aperture. Confocal images were re-
samples luminescence spectra with excitation at 488 nroorded at room =300 K), liquid nitrogen =77 K), and
were recorded. superfluid helium T= 1.8 K) temperatures. In this configu-
The emission spectrum of sample ETat 100 K is shown  ration the optical resolution of the microscope was typically
in Fig. 1(a). The highest narrow peak at 708 nm corresponds. um.
to the zero-phonon line of thalu(4f55d)—>Tlg(4f6) tran- For spectral analysis, the collected luminescence was de-
sition of Snf™ ions in Cak.*® The shoulder towards lower flected to a spectrometgdobin Yvon-Spex 270M, 0.27 m
energies is due to the coupling of this transition to phonondocal length coupled to a charge-coupled devigguid-
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FIG. 2. AFM images of film A
with scan areas aofa) 10x 10 and
(b) 1x1 wm?. The surface pro-
file along the line marked on the
images is plotted below the re-
spective image.
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nitrogen cooled, 1024256 pixels, 27um pixel size, quan- line is plotted. This film showed on a short length scale a
tum efficiency of 50%). The spectrometer is equipped with aoot-mean-square roughnessRyf,=1.4 nm(Ref. 19 and
1200 grooves/mm holographic grating achieving a spectrah the micrometer range a very smooth topography. As can
dispersion of 3.1 nm/mm. Due to the absence of a pinhole ibe seen from Fig. ®), the film consists of small grains

the detection path, the spatial resolution was slightly WOrs§¢=4 nm in height and 60 nm in widthThe steps observed

in the sample plane and much poorer along the optical axigy Fig. 2(a) arise from the cleaved CaFsubstrate. In the

as compared to the SPAD configuration. For each spectrundgme image there are a few small raised structures up to 20

the dark noise was substracted and the spectrum was dividegl, iy height. Three of them are highlighted in the corre-
by the nonlinear characteristics of the dichroic mirror. sponding line profile.

Figure 3 depicts AFM images of sample @000 nm
IIl. RESULTS AND DISCUSSION thicknes$ for different scan areas. Figure(a@® shows a
smooth surface with many of the raised structures already
observed in sample A. They are mainly found at substrate
Figure 2 shows typical AFM images obtained for samplesteps or scratches. Comparison of Fig. 3 and Hig. hows
A (240 nm thicknessfor (a) 10x 10 and(b) 1X1 um?scan that the number of raised structures and their size increase
areas. Below each image the surface profile along the markeglith film thickness. For film B, their sizes range from hun-

A. Morphological inhomogeneities

FIG. 3. AFM images of film B
with scan areas of(a) 40
x40 um? and (b) 5X5 um?.
The surface profile along the line
marked on the images is plotted
below the respective image.
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FIG. 4. Confocal image obtained for film B (2.0 iopsA®) at e
T=77 K, excitation wavelength .,.=592.1 nm, and excitation in- ® 200F
tensity | ¢c=5 kWi/cnt. a
=
dreds of nanometers to few microns in width and up to 200§ or
nm in height. At the same time the grains that compose theg L L L L L
thicker film exhibit larger size$=10 nm in height and 300 g 600k
nm in width) than in film A, while the surface roughness @ I (C)
remains constantR,,<= 1.4 nm. The grains have the shape § 400k
of deformed rhombo-octahedra, indicating dominant growth
along the(111) directions[Fig. 3(b)]. [ I I
The luminescence of the Si-doped Cak thin films was 200
investigated using SCOM. Figure 4 shows a typical confocal -
image obtained for sample B &t=1.8 K where bright fea- ofF me
tures on top of a structureless luminescence signal are oh : L

served. Some of these bright features are located along 640 66 680 700 720 740
straight line. This is similar to the behavior observed for the wavelength (nm)
raised structures in the AFM image of film Brig. 3@)].
Based on the fact that we have observed similar patterns in FIG. 5. Consecutively recorded luminescence speted II
the optical and topographical images of several samples, W’gdi_cate the sequengat the position of a bright Iuminesc_ent feature
conclude that the bright features correspond to the raise®f film B at (@ T=77 K, 1 ¢,=100 kW/cnf, integration time 60 s,
structures. resolution 3.1 nm and &b) T=1.8 K, |,=40 kWi/cn?, integra-
i . . tion time 120 s, resolution 1.6 nnic) Emission spectra of the
e oo e s et 15 K, 40 ke e
. . gration time 120 s, resolution 1.6 nm. Excitation wavelength for all
composed of two traces recorded consecutively, marked witfl -
R Spectral ¢,c=592.2 nm.
roman letters | and Il indicating the sequence. Spectrum |
(>700 nm is very similar to the spectrum of sample E
(Sm?* in bulk CaR) shown in Fig. 1a). The peak around rower and the phonon wing disappears. In contrast, the emis-
706 nm is identified with the zero-phonon emission line ofsion linewidth of the transitions at 663 and 678 (ace )
the Snt* ions in Cak. It also exhibits a shoulder towards almost remains the same Bt=77 and 1.8 K. This is a typi-
lower energies corresponding to the phonon wing. Howevergal behavior for Sf#i" transitions in Cafy The Smi* emis-
the fine structure observed in the phonon wing of the bulksion lines originate fronf-f transitions that have an almost
spectrumFig. 1(a)] is not observed in the film. This can be temperature-independent Debye-Waller factor close td 1 (
attributed to the fact that the phonon scattering mechanisms: 300 K).2! On the other hand, the $m bands, basically
as well as the phonon spectrum in the film are different fromcorresponding td-d transitions, show a phonon wing with a
the bulk crystal due to the higher disorder in the ffftn. pronounced temperature dependence. This finding, together
Two other peaks at 663 and 678 nm can be clearly distinwith the line positions, strongly supports that the emission
guished in trace Il of the spectrum in Fig(a@h Peaks at lines at 663 and 678 nm are due to the presence df'Sm
similar wavelengths between 630 and 690 nm are found imhe bright features. The St ions present a high number of
the spectrum of sample FSn?* in bulk Cak, Fig. 4b)]  f levels in their energy configuration and these levels are
which are characteristic for the S transitions in CaF  very close in energy to each otHérin consequence they
single crystals. show a strong interaction with the local crystal field. Thus
Figure 5b) shows the spectrurftraces | and i at the  thef-f transitions of SM' ions exhibit widths and positions
position of a bright feature of sample B now Bt=1.8 K.  that are very dependent on the environnfénkhis explains
The spectrometer entrance slit was wider for trace |l the broad linewidths of the emission lines at 663 and
(<700 nm explaining the intensity translation between the 678 nm.
traces. Again the SAi zero-phonon line around 706 nm is  To compare the luminescence at the position of a bright
present, but at this lower temperature it becomes much nafeature with the structureless luminescence elsewhere in the
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Snt* during film preparation. These trivalent rare-earth im-
purities are then incorporated into the Ga#ttice by substi-
tuting divalent alkaline-earth-metal ioASHere, the charge
compensation is probably obtained by the clustering of triva-
lent St with the residual oxygen in the MBE machine.
This is possible due to the high mobility of the ions on the
film surface during growth at a substrate temperature of
600 °C. In the images, the raised structures are very often
observed near a scratch or substrate step on the film surface.
Samarium-oxygen clusters are probably trapped by these im-
perfections and accumulate. This explains the positioning of
the raised structures preferentially along straight lines fol-
lowing substrate imperfections.

FIG. 6. Confocal image of a region free of bright luminescent ~ The fact that the ions have a high mobility during film
features on film B obtained from two consecutive scans. First afgrowth is demonstrated by the following observation. By
area of 220 u m? was scanned. After that a 4%0 . m? im-  varying the axial distance of the microscope objective rela-
age was recorded that included the previously scanned drea. tive to the sample, one can obtain depth profiles of the lumi-
=77 K, Nexe=592.2 nm, and o,.=20 kW/cn?. nescence and thus of the ion concentration. Such measure-

ments on sample B, grown at a substrate temperature of
image of Fig. 4, we have plotted in Fig(c a spectrum 600 °C, show that luminescence emission of the Sions
recorded at a location far from any bright feature. ThéSm is observed not only in the film but also in the Gasub-
zero-phonon line at 706 nm is also observed here. The interstrate. Consequently, the impurity ions diffuse into the bulk
sity of this line was found to be fairly constant everywhere inCaF, substrate. In contrast, no luminescence in the substrate
the film, indicating a homogeneous distribution of the?’Sm  was observed for film C grown at similar conditions except a
ions. However, the SAM bands—which are found in the lower substrate temperature of 300 °C. This result is compat-
spectrum of a bright featurid=ig. 5(b)]—are not present in ible with the strong temperature dependence of the ion mo-
the spectrum of the structureless luminescence. Taking intbility. Interestingly, neither bright features nor $mlumi-
account the homogeneous distribution of the?Snons i nescence was ever observed in a substrate. This also
the film and the limited optical resolution along the optical confirms that the formation of the bright features takes place
axis when recording spectra, we believe that thé Strands exclusively on the film surface.
in the spectra taken at positions of bright featUfeigs. 5a) The Snt* ions in the films could be photobleached by the
and (b)] actually originate from the underlying film and not excitation laser light as illustrated in Fig. 6. To obtain this
from the raised structures on top of the film. Thus the raise¢onfocal image, first a region of film B without bright fea-
structures are probably doped exclusively with33$nions. tures was selected, and a smaller quadratic area was scanned.

The presence of St in the films is intrinsically related Then the scan range was increased and the image was re-
to the formation of the raised structures. In analogy with thecorded. During the first scan, the Smions are photo-
Sn?* generation mechanism mentioned for sample F, webleached leading to a lower emission intensity in this area
suggest here the formation of samarium-oxygen complexesompared to the rest of the image. A possible explanation for
during film growth. Due to the presence of residual oxygenthe bleaching of the Sfi ions is their photo-oxidation into
in the MBE apparatus, part of the 8fncan be oxidized to trivalent samariunt:?®

N
o
luminescence (counts/7ms)

-
o

luminescence (counts/14 ms)

FIG. 7. Three confocal images of the same area of film A (0.02 joms) recorded consecutively &t=77 K, Agy=592.2 nm, and
lexc=40 kW/cn?. The spots marked by rectangles A, B, and Qanshow an on-off blinking behavior: the spots show dark stripes or
truncated shapes that often differ from shapes observed in the consecutive {tnages(c). (d) Evolution of the spot shap&magnifica-
tions of A, B, and @ between the consecutive images, (b), and(c).
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300 and not at a fixed position on the sample. The resulting con-
- secutively recorded spectra | and Il are shown in Fig. 8.
Spectrum | shows a weak band around 706 nm, which can be
assigned to the Sth zero-phonon line. This strongly sup-
ports that the spots observed in Fig. 7 are due té'Sions.
Spectrum Il only shows background luminescence. The off-
set between spectra | and Il is most probably due to photo-
bleaching after recording the first spectriin
. . . . . To be sure that the bright structures and the blinking spots
640 660 680 700 720 740 are only present in the films, we further investigated the
wavelength (nm) blank Cak crystal (sample D using SCOM. No structure
could be observed in confocal images. The count rates were
FIG. 8. Consecutively recorded luminescence spefril) of constant and very low, Corresponding to the system back-
film A at T=77 K, Nex=592.2 nm, =40 kWicnt, and a  ground. The dimly blinking spots were observed only in the
resolution of 3.1 nm. Egch spectrum was recorded while scanninggnfocal image of the lowest doped film and are related in-
the same area as for Fig. 7. trinsically to the film luminescence. The spectrum of the
emission and the on-off blinking behavior provide strong
B. Single ions evidence that the spots observed in Fig. 7 are singléd"Sm
A different luminescence emission behavior was observedPns.
for the lowest doped film A, as depicted in Fig. 7, which
shows three confocal images of sample A (0.02 igms?). IV. CONCLUSIONS
These images were recorded consecutively. Instead of the
structureless luminescence present in the confocal images m

sample B, numerous small dim spots are observed her%‘oped with a very low concentration of 3 ions. In

.Careful' anqusis of the spots marked by rectangles in th?hicker films, the Sri" ions are found to be homogeneously
image in Fig. Ta) shows that the spot shape can vary be;Fistributed. However, we observe morphological inhomoge-

N

(=]

(=]
I

(=]
I

corrected luminescence
(counts/120s)
3
1

We have investigated the spatial and spectral properties of
e luminescence and the topography of CdRin films

tween consecutive images: Often complete spots change Rities that appear as bright luminescent features in optical

truncated spots or to spots with intermittent dark lines an mages and raised structures in AFM topography, respec-

vice versa. Many other spots in _the images, which are nOﬁvely These inhomogeneities contain $mions and are
marked, display the same behavior. Examples of such flucf- :

X N P . formed during film growth at imperfections of the substrates.
tuations are highlighted |n_F|g.(d). These shapes are a typl- Thinner films with lower ion concentration hardly exhibit
cal signature of on-off blinking often observed in single-

particle experiment&:® The special spot shapes originate any raised topographic structures. The homogeneous lumi-

from the fact that, in SCOM, images are scanned horizonn€Scence in these films breaks up into weakly emitting spots

. : . : exhibiting on-off blinking behavior and single-step photo-
tally, I.'ne by. line, from bottom to top. .Wh'le being S(_:gnned bleaching and showing gt]he characteristic spgectrumpc??*Sm
the single ‘jons can undergo photoinduced transitions Qe observations provide strong evidence for optical de-
metastable dark-states. Depending on the dark-state lifeti &ction of sinale ions in an inoraanic crvstal
the respective spot exhibits dark lines or even becomes trun- Note addgd After submissiogn of th)i/s péper a paper

cated in the confocal image. In some cases truncated spots do P : :
: Lo : appearetf that reports blinking luminescence of Euin
not appear in the consecutive images, corresponding t o tal
single-step photobleaching. The typical peak luminescence?~3 hanocrystais.
count rate of isolated spots was about 3600, svhich cor-
responds to an actual luminescence rate ok1L&P® s ! us-
ing the ~3% detection efficiency of the setdp.This is Thanks are expressed to V. Thommen for supporting the
compatible with the expected saturation count rate of SAFM experiments. We are also very grateful to H. Heinzel-
X 10° s ! for a single ion, derived from the excited-state mann, D. Pohl, M. Freiland, R. Eckert, and M. Schnieper for
lifetime. valuable discussions. Professor U.P. Wild is gratefully ac-
Due to the extremely low luminescence count rates in filmknowledged for continuous interest and support. Part of the
A and the fast photobleaching, spectrdat77 K have only project was funded by the Swiss National Science Founda-
been recorded while scannning the confocal image of Fig. Tion (NFP 36 and ETH Zuich.
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